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First-principles calculations on stoichiometric MonS2n and WnS2n n=1–8 clusters show that their lowest
energy atomic structures are dominated by a central core of metal atoms while the S atoms cap this core. We
discuss in detail terminal, edge, and face capping of tetrahedral and octahedral Mo clusters by sulfur atoms for
off-stoichiometric compositions also. Capping on the terminal sites is found to be least favorable. Edge capped
Mo4S6 and face capped Mo6S8 clusters have high symmetries and high stability among all the clusters we have
studied. We find that magnetic isomers are lowest in energy for some clusters though bulk MS2 M =Mo and
W is nonmagnetic. Our results on Mo6S8+p p=0–6 clusters further show that Mo6S12 is magic with 4B
magnetic moment. The origin of magnetism and bonding nature in these clusters is discussed. Our finding
could lead to the possibility of magnetic clusters of a variety of nonmagnetic transition-metal compounds and
their interesting assemblies.
DOI: 10.1103/PhysRevA.71.063203 PACS numbers: 36.40.Cg, 61.46.w, 73.22.f, 75.75.a
I. INTRODUCTION
Layered transition-metal disulfides MS2 M =Mo and W
have interesting catalytic 1,2, photovoltaic 3, and lubri-
cant properties 4. Their similarity with graphite has led to
the synthesis of self-assembled nanotubes 5 and fullerene
structures 6. These inorganic nanotubes are potential mate-
rials for hydrogen storage 7. Nanoparticles of MoS2 with a
few-nanometer size exhibit triangular shapes 8 that have
been analyzed using bulk fragments. Small clusters are, how-
ever, often quite different from bulk and could have interest-
ing properties but these are yet to be well understood. Here
we present results on stoichiometric MonS2n and WnS2n
n=1–8 clusters and report the finding of magnetism though
the bulk is nonmagnetic. Further studies have been carried
out on some nonstoichiometric clusters to understand the
bonding nature as well as the occurrence of magnetism.
Clusters of MoS2 such as Mo16S32 and Mo27S54 in the
form of bulk fragments have been studied from first-
principles calculations to model catalytic behavior 9,10.
Quantum chemical calculations 11 on a series of nonsto-
ichiometric bulklike small fragments of MoxSy clusters with
linear and nonlinear structures have shown the existence of
Mo-Mo interactions and preference for nonlinear clusters.
However, these may not represent their lowest energy iso-
mers. An Mo3S9 cluster 12 has also been used to model
amorphous MoS3. Recently Mo4S6 cluster has been shown to
be magic with a large highest occupied-lowest unoccupied
molecular orbital HOMO-LUMO gap 13. These studies
demonstrate a wide range of compositions of Mo and S that
are possible in such clusters. However, none of the studies
report the existence of magnetism in these clusters. In MS2
M =Mo and W clusters the valence electrons of M atoms
are partially utilized in bonding with S and the remaining
electrons can be used for bonding between the M atoms.
Since the d orbitals will be partially occupied, there is a
possibility of magnetism in these clusters.
II. COMPUTATIONAL METHOD
We use an ultrasoft pseudopotential plane-wave method
14 and generalized gradient approximation 15 for the
exchange-correlation energy. The Brillouin zone is sampled
by the  point. Several structures are fully optimized for
each size without any symmetry constraint using the conju-
gate gradient method. The convergence is achieved when the
force on each ion becomes less than 0.001 eV/Å. The start-
ing calculations have been done without spin polarization.
The most stable as well as closely lying isomers have been
further optimized by using spin-polarized calculations. The
structural changes in magnetic clusters are quite small. Test
calculations on bulk MoS2 in the hexagonal structure gave
the lattice parameters to be 3.18 and 12.40 Å that are in good
agreement with the measured values of 3.16 and 12.3 Å 16.
Further calculations have been done for different composi-
tions of sulfur on Mo4 tetrahedron and Mo6 octahedron to
understand the stability of edge and face capping.
III. RESULTS AND DISCUSSION
A. Atomic structures of stoichiometric clusters
The optimized structures of the most stable and other low-
lying isomers of stoichiometric clusters, MoS2n, are shown
in Fig. 1. A bent isomer of Mo1S2 with 2B magnetic mo-
ment and S-Mo-S angle of 112° is 1.07 eV lower in energy
than a linear isomer. This large difference shows preference
for directional bonding as in the case of molecules with pre-
dominantly ionic bonding, such as in MgCl2, a linear struc-
ture is favored. The Mo-S and S-S bond lengths are 2.13 and
3.53 Å, respectively. For Mo2S4 a nonplanar isomer with two
bridging sulfur SB and a terminal sulfur ST associated
with each Mo atom is most stable. It also has 2B magnetic
moment. The Mo-SB, Mo-ST, and Mo-Mo bond lengths are
2.31, 2.14, and 2.35 Å, respectively. The Mo-Mo bond length
is short compared with the bond length in bulk Mo 2.75 Å
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suggesting that Mo-Mo interactions are strongly favored in
these clusters 11. The ST-Mo-SB and SB-Mo-Mo angles
are 112° and 59°, respectively. These are close to the
angles 116°34 and 63°26 for s-d hybrids 17. A planar
isomer 2b with similar features but slightly different bond
angles lies 0.27 eV higher in energy while another isomer
2c in which each sulfur atom interacts with only one Mo
atom lies significantly higher in energy. This shows that
a higher coordination is favored by S. Mo3S6 is similar but
the magnetic moment is quenched. A bulk isomer 3b lies
2.50 eV while a planar isomer 3c is 2.96 eV higher in
energy than the lowest energy structure. These isomers can
be viewed to be built of Mo1S2 units.
From the results for n4, the following common struc-
tural features of the most stable isomers have emerged:
1 The Mo atoms form a cluster as a core. Each face of
this core cluster is capped with a S atom to be referred to
as SC and there is a ST atom for each Mo atom except for
n=6.
2 The Mo-ST, Mo-SC, Mo-Mo, and S-S bond lengths lie
in the ranges of 2.1–2.2, 2.3–2.5, 2.3–3.0, and 2.9–3.6 Å,
respectively. The mean Mo-S bond length is similar to our
calculated value for bulk MoS2 2.41 Å as well as in amor-
phous 18 MoS32.44±0.09 Å.
3 The ST-Mo-SC angles are in the range of 105°–120°
while SC-Mo-SC angles have the values 82°, 110°, and
140°. Also many of the SC-Mo-Mo angles lie around 55°.
Two of the SC-Mo-SC angles are close to the bulk values
82° and 136° and result from the strongest d-s-p hybrids
73°09 and 133°37 19. The others represent the impor-
tance of s-d hybrids in the bonding as for Mo2S4.
4 The SC atoms are preferred over the bridge sites and
the ST atoms are important to a lesser extent see further
discussion below.
5 The bulk fragments transform upon relaxation and the
resulting structures differ significantly and lie much higher in
energy than the most stable isomers we have obtained.
For n=4, isomers 4c and 4d in Fig. 1 are similar to iso-
mers 3a and 3c, respectively. In both these cases the Mo
atoms are not close packed and sulfur atoms occupy bridge
sites. Both of these lie much higher in energy than the most
stable isomer 4a. Furthermore, in isomer 4b, we have six SB
and two ST atoms on a tetrahedron of Mo and it lies only
0.22 eV higher in energy than the isomer 4a. The latter also
has a tetrahedron of Mo. Therefore optimization of metal-
metal interaction is very important and at this size isomers
with bridge and face capping of the metal cluster become
competitive with a transition from edge capping for n=2 and
3 to face capping for n=4. Similar conclusions hold for iso-
mers of n=5 in which the metal core has a square pyramid
structure 5a.
For n=6, an octahedral structure of Mo atoms 6a in
Fig. 1 is preferred. It has eight SC atoms and four ST atoms.
The two Mo atoms without ST atoms become nearest neigh-
bors such that the structure has fourfold rotational symmetry.
Isomer 6b is obtained from a cube of Mo atoms with two
diagonally opposite Mo atoms replaced by S atoms. All Mo
atoms have ST atoms and due to repulsion between the sulfur
atoms, the capping S atoms have intermediate positions be-
tween edge capping and face capping though each such S
atom is connected with three Mo atoms. Each Mo atom has
four S atoms as nearest neighbbors in a nearly tetrahedral
arrangement. The initial structure of isomer 6c is a pentago-
nal pyramid of Mo atoms with six SC and six ST atoms. The
ionic relaxation does not change this structure significantly.
Isomer 6d is an octahedron of Mo atoms with all edges
capped with sulfur atoms. This is 3.6 eV higher in energy.
This result shows that edge capping is not favored at this
size. Isomer 6e is a planar type with SB and ST atoms. This
lies 4.24 higher in energy due to its open structure. Finally an
isomer with two bulklike layer structure lies 10.19 eV higher
in energy than the lowest energy isomer. The stability of
isomer 6a is due to the d-s-p hybrids as discussed above that
dominate the bonding. In isomer 6b which has the next
lowest energy, the SC-Mo-SC bond angles are approximately
105° and 160°. These differ significantly from the values in
d-s-p hybrids and result in a lower binding energy. Beyond
n=6, the lowest energy isomers have metal clusters joined at
a vertex so that the joining atom attains the octahedral envi-
ronments of S atoms. Apart from the octahedral arrangement
another favorable solution 17 for d-s-p hybrids is a trigonal
prism which is found in bulk MoS2 and it can be seen in the
lowest energy structures of Mo3S6 and Mo4S8 where each
Mo atom has three neighboring S atoms in a similar arrange-
ment as found in bulk. On the other hand Mo5S10 has a
mixture of the prism and octahedral types of local arrange-
ments. Similar results have been obtained for WnS2n.
B. Magnetism in MS2 clusters
The clustering of M atoms could give rise to magnetism
in these structures and we do find several clusters to have
magnetic isomers to be of lowest energy. The calculated
magnetic moments and the energy differences between the
spin-polarized and spin-unpolarized isomers are given in
Table I. In all cases the spins are ferromagnetically aligned.
For Mo6S12 an antiferromagnetic isomer in which the spin
density around the four Mo atoms alternates with up and
down spin, lies 83 meV higher in energy than the ferromag-
netic spin isomer. The gain in energy for Mo6S12 due to spin
polarization is quite significant 0.94 eV but it decreases for
W6S12 presumably due to the broader 5d orbitals of W.
Charging the cluster changes the magnetic moment by 1B
so that it becomes 35B for cation anion of Mo6S12.
Therefore magnetism in this cluster is robust. Below we shall
show that Mo6S12 is magic with 4B magnetic moment.
The bonding nature and magnetic behavior are seen from
the isosurfaces of pseudocharge and spin densities in Fig. 2.
There is significant charge density in Mo-ST bonds compared
to Mo-SC bonds Figs. 2a and 2c that indicates strong
covalency in the former. It leads to their shorter lengths
2.1 Å. The nonuniform spin distribution among the
Mo atoms is due to the asymmetry in the structure. In the
case of Mo5S10 the capping Mo atom is different from the
four base atoms and it has more spin polarization Fig. 2b.
For Mo6S12 the four Mo atoms with the ST atoms have high
spin polarization similar to the case of Mo5S10 while no sig-
nificant magnetic moment around the remaining two Mo
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atoms Fig. 2d as these are strongly bonded bond length
2.31 Å. The origin of magnetism is further discussed below.
Figure 3 shows the total and partial Mo-4d and S-3p
densities of states for Mo5S10 and Mo6S12 clusters using
Gaussian broadening of the electronic levels. From these
strong p-d, hybridization between the Mo and S orbitals is
clearly seen. States near the HOMO arise mainly from the d
orbitals of Mo atoms and give rise to magnetism as antici-
pated. The exchange splitting between the up- and the down-
spin states in Mo5S10 is 0.2 eV which is much lower than
1 eV for Mo6S12. The large exchange splitting in the latter
case also sustains magnetic moments in W6S12, though
weakly but W5S10 becomes nonmagnetic. Decomposing the
spin contributions into dxy , dyz , dxz , dx2 , dz2 orbitals within a
sphere of radius 1.37 Å for Mo atoms, we find the values to
be 0.64, 0.04, 0.04, 0.03, 0.04, and 0.01, 0.02, 0.02, 0.05,
FIG. 1. Color Relaxed structures of different isomers of
MoS2n clusters. Blue yellow balls represent Mo S atoms. The
energies in eV of different isomers of a cluster are shown relative
to the most stable isomer. The isomer marked with * shows the
relaxed structure of a bulk fragment. The label below the cluster
shows n and a, b, c, … represent isomers with increasing order of
energy.
FIG. 2. Color a Representative pseudocharge density isosur-
face for MonS2n clusters here n=5. b Spin-density isosurface for
Mo5S10. c shows the difference in the self-consistent charge den-
sity of Mo6S12 and the overlapping charge densities of Mo6S8 and
the four ST atoms at the respective positions. The excess depletion
of charge, shown by green red color reaffirms strong covalent
bonding between Mo and ST atoms. d–f show the spin-density
isosurfaces magenta light green up down spin for
Mo6S8+m , m=4, 3, and 5, respectively.
FIG. 3. Color The total red line and Mo-4d green and S-3p
blue partial densities of states for a Mo5S10 and b Mo6S12.
States below 0 eV are occupied. The up down arrow means states
with up down spin density.
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0.0, respectively, on the capping and each of the base Mo
atoms in Mo5S10 z direction being along the fourfold sym-
metry axis. Thus the largest contribution is from the dxy
orbital on the capping Mo atom. The origin of magnetism
can be understood by assuming completely occupied p orbit-
als of S atoms. The capping Mo can share 2e with ST atom
and 0.75e to each of the four nearest SC atoms while each of
the four base Mo can share 2e with ST atom, 0.625e with
each of the two neighboring SC atoms and 0.5e with the SC
atom capping the square face. This leads to 1 and 2.25 un-
paired electrons on the capping and each of the four base Mo
atoms, respectively. After Mo-Mo interactions, one unpaired
electron remains on the capping Mo while two electrons
coming from each of the base Mo atoms are paired leading to
a net contribution of 1B and an overall 2B magnetic mo-
ment on this cluster. A similar analysis for Mo6S12 leads to
4B magnetic moment, 1B coming from each of the four
Mo atoms that have a ST atom Fig. 2d. The remaining two
Mo atoms have nearly zero polarization. These results also
show localization of magnetic moments around the Mo ions.
The binding energy per MoS2 or WS2 unit, the HOMO-
LUMO gap, and the second-order difference in energy
2E=En+1+En−1−2En , En being the energy of a
cluster with n units for different cluster sizes are shown in
Fig. 4. The binding energy increases monotonically with
cluster size. 2E is positive but has local maximum for
n=2, 4, and 6 and it shows their strong magic behavior. The
HOMO-LUMO gaps for all these clusters lie in the range of
0.2–0.7 eV Fig. 4b compared with the computed band gap
of 0.59 eV of bulk MoS2.
C. Nonstoichiometric clusters and stability analysis
As clusters may not keep the bulk stoichiometry, we fur-
ther studied the effects of stoichiometry on the stability of
clusters. There are three ways of the distribution of S atoms
on the metal core, namely terminal, bridge, and face capping.
For small clusters bridge capping is favored. In order to
understand this we studied in detail Mo4Smm=4–8 clus-
ters by considering bridge as well as face capping on a Mo4
tetrahedron. First for Mo4S4 we find that four ST atoms are
highly unfavorable about 7 eV as compared to four SB
atoms Fig. 5a. The latter isomer is the lowest in energy
with 4.24 eV/atom binding energy while the value for an
isomer with four SC atoms is 4.12 eV/atom. This shows that
ST atoms alone are not favored because the ST-Mo-Mo bond
angles 150°  are significantly different from the one de-
sired for d-s-p bonding. However, ST atoms can be present
when SB and SC atoms are also there as we find in some of
the lowest energy isomers because in these cases the d-s-p
bonding can be maintained. Second, due to the polar charac-
ter in the bonding, sulfur atoms are expected to be as far
away as possible and also to optimize the d-s-p bonding. We
find that the mean distance between the nearest-neighbor S
atoms in the case of tetrahedron of Mo is higher for edge
capping as compared to isomers with face capping. For
Mo4S4 these values are about 4.18 and 3.92 Å, respectively.
As more sulfur is added, the difference in the energies of
edge capped and face capped isomers increases and it is the
maximum for Mo4S6. It is a symmetric tetrahedral cluster
with all the six edges capped. It has a large HOMO-LUMO
gap of 1.58 eV and the mean S-S distance is 4.02 Å. This
cluster also has the largest binding energy 4.71 eV/atom
among all the tetrahedral clusters we have studied and is
magic as noted earlier 13. An isomer with four SC and two
TABLE I. Binding energy per MS2 unit eV, HOMO-LUMO gap eV, magnetic moment MB, and
energy gained compared with the nonmagnetic isomers of the lowest energy spin isomers of MS2n.
n BE eV Gap eV M B Gain eV
MoS2 WS2 MoS2 WS2 MoS2 WS2 MoS2 WS2
1 9.49 10.69 0.55 0.29 2 0 0.79 0.00
2 11.82 13.50 0.35 0.42 2 0 0.35 0.00
3 12.77 14.72 0.70 0.63 0 0 0.00 0.00
4 13.43 15.33 0.38 0.36 0 0 0.00 0.00
5 13.59 15.50 0.46 0.39 2 0 0.39 0.00
6 13.79 15.70 0.61 0.37 4 4 0.94 0.18
7 13.78 15.68 0.34 0.40 0 0 0.00 0.00
8 13.86 15.77 0.48 0.59 0 0 0.00 0.00
FIG. 4. a The second-order difference in energy, 2EeV, b
HOMO-LUMO gap eV, and c the binding energy BE in eV for
MonS2n and WnS2n clusters as a function of the cluster size n.
MURUGAN et al. PHYSICAL REVIEW A 71, 063203 2005
063203-4
ST atoms lies 3.33 eV higher in energy with a small HOMO-
LUMO gap of 0.20 eV. However, with further increase in the
number of sulfur atoms, the difference decreases Fig. 5a
and in the case of Mo4S8, the isomer with face capping
Fig. 1 becomes lower in energy. Most of these clusters are
magnetic.
Calculations on octahedral arrangement of Mo atoms,
however, show that face capping is significantly lower in
energy than bridge capping see also Fig. 1. We find that in
face capped isomers, the mean nearest-neighbor S-S separa-
tion becomes higher as compared to the edge capped iso-
mers. As an example we have shown in Fig. 5b, two iso-
mers of Mo6S8 with face and edge capping no ST atoms
and which maximize S-S separation. The face capped isomer
has octahedral symmetry and is 6.22 eV lower in energy than
the isomer with edge capping. Its binding energy is the high-
est 4.81 eV/atom among all the MonSm clusters we have
studied see Table I and Fig. 5. The nearest neighbor S-S
separation for face edge capping is 3.45 3.42 Å. As the
difference is small, the optimization of d-s-p bonding plays a
more important role in this structure. Its HOMO-LUMO gap
of 0.91 eV is also relatively high Table II. This cluster is
found in a large variety of cluster compounds such as Chev-
rel phases and other compounds 2,20. With increasing
number of sulfur atoms, the difference in the energies of the
edge and face capped isomers decreases untill m=10 and
then it increases again. However, in all octahedral clusters,
face capped isomers are more favorable than edge capped
isomers. Furthermore, addition of S atoms on mo6S8 leads to
occupation of the terminal sites and it lowers the binding
energy Fig. 5. Most of these isomers are also magnetic
Fig. 5b.
Having found the face capped isomer of Mo6S8 to be the
best, we further analyzed symmetric addition of ST atoms to
obtain Mo6S8+p p=0–6 clusters. The energy gain by adding
ST atoms Table II is maximum for m=4, i.e., Mo6S12.
Hence this cluster is also magic among these nonstiochio-
metric octahedral clusters. It has the highest HOMO-LUMO
gap among the magnetic isomers of MoS2. Also the Mo-Mo
bond lengths are the shortest 2.31 and 2.91 Å as shown in
Fig. 6. Mo6S8 is symmetric Mo-Mo bond length 2.63 Å
and nonmagnetic. The addition of ST atoms makes the bond
length between an Mo atom without an ST atom and an Mo
atom with an ST atom longer as well as the cluster develops
magnetic moment. For odd p, spin-up polarization is com-
pensated with spin-down polarization Figs. 2e and 2f
and the resulting net magnetic moment is lower Fig. 5b.
The Mo-Mo bond lengths reduce until p=4 and then increase
again. Therefore from the structural point of view also bond-
ing in Mo6S12 seems to be strongest, supporting the magic
nature of this cluster. For p=6 the structure is slightly
squashed and only the four base atoms contribute predomi-
nantly to 4B magnetic moment on this cluster. The Mo-Mo
TABLE II. Energy gain Egain per added ST atom on the octa-
hedral unit of Mo6S8, the total magnetic moment B and the
HOMO-LUMO gap of Mo6S8+m m=0–6 clusters.
m Egain eV Magnetic moment Gap eV
0 0 0.91
1 4.29 0 0.65
2 4.17 2 0.25
3 4.54 2 0.25
4 4.66 4 0.61
5 4.50 2 0.31
6 4.50 4 0.12
FIG. 5. Color Optimized atomic structures of a tetrahedral and b octrahedral clusters with successive S additions considering edge
and face capping. The binding energy per atom and the magnetic moment in units of B are shown below each isomer. m is the number of
S atoms in the cluster.
FIG. 6. Color Nearest bond lengths between Mo without ST,
Mo without ST circles, and Mo without ST, Mo with ST tri-
angles, in Mo6S8+p. Mo atoms with without a ST atom are shown
in red blue in the structure without depicting S atoms. The square
shows the bond length between the two opposite Mo atoms with
and without ST. This lies close to the mean of the corresponding
values for p=4 and 6.
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bond length is 3.44 Å and the bonding is mainly by Mo-S
interactions. These results show a large variation in Mo-Mo
bond lengths as concentration of ST is varied.
IV. SUMMARY
We have studied the most stable structures of MnS2n
M =Mo and W clusters that are found to have metal aggre-
gates surrounded by S atoms. These are quite different from
bulk fragments. The stability of these clusters is understood
in terms of d-s-p and s-d hybrids as well as capping sulfur
atoms. The difference between bridge and face capped struc-
tures has been discussed by considering several nonstoichio-
metric clusters. Edge capping is favorable up to tetrahedral
clusters. However, for larger clusters face capping becomes
more favorable. We find that stoichiometric MonS2n
n=1, 2, 5, and 6 and W6S12 clusters as well as several of
the nonstoichiometric clusters are magnetic. The magnetic
moments arise due to the partially filled d states. Our studies
suggest that Mo6S12 is a particularly interesting molecular
magnet with a large energy difference 0.94 eV between the
magnetic and the nonmagnetic isomers. As the magnetic mo-
ment is localized around the metal ions, we would expect it
to survive after cluster assembly. The octahedral cluster of
Mo-S is well known in catalysis as well as present in many
bulk materials. It can be expected to be produced in large
quantities. We hope that our results would stimulate experi-
mental work on the growth and assemblies of such clusters,
detection of magnetic moments, as well as search for mag-
netism in other transition metal compound clusters.
ACKNOWLEDGMENTS
We thank the staff of the Centre for Computational Mate-
rials Science at the IMR for their support and the use of the
Hitachi SR8000/64 supercomputing facilities. P.M. and V.K.
acknowledge the kind hospitality at IMR. We also thank G.
Baskaran for discussion.
1 R. Prins, V. H. J. de Beer, and G. A. Somorjai, Catal. Rev. -
Sci. Eng. 31, 1 1989.
2 T. J. Paskach, G. L. Schrader, and R. E. McCarley, J. Catal.
211, 285 2002.
3 S. J. Li, J. C. Bernede, J. Pouzet, and M. Jamali, J. Phys.:
Condens. Matter 8, 2291 1996.
4 M. Yanagisawa, Wear 168, 167 1993.
5 M. Remskar, A. Mrzel, Z. Skraba, A. Jesih, M. Ceh, J. Dem-
sar, P. Stadelmann, F. Levy, and D. Mihailovic, Science 292,
479 2001.
6 L. Margulis, G. Salitra, R. Tenne, and M. Taliankar, Nature
London 365, 113 1993.
7 J. Chen and F. Wu, Appl. Phys. A: Mater. Sci. Process. 78, 989
2004.
8 S. Helveg, J. V. Lauritsen, E. Laegsgaard, I. Stensgaard, J. K.
Norskov, B. S. Clausen, H. Topsoe, and F. Besenbacher, Phys.
Rev. Lett. 84, 951 2000.
9 H. Orita, K. Uchida, and N. Itoh, J. Mol. Catal. A: Chem. 195,
173 2003.
10 C. Rong and X. Qin, J. Mol. Catal. 64, 321 1991.
11 S. Lobos, A. Sierraalta, F. Ruette, and E. N. Rodriguez-Arias,
J. Mol. Catal. A: Chem. 192, 203 2003.
12 H. Jiao, Y.-W. Li, B. Delmon, and J.-F. Halet, J. Am. Chem.
Soc. 123, 7334 2001.
13 N. Bertram, Y. D. Kim, G. Gantefor, Q. Sun, P. Jena, J. Tam-
uliene, and G. Seifert, Chem. Phys. Lett. 396, 341 2004.
14 G. Kresse and J. Hafner, J. Phys.: Condens. Matter 6, 8245
1994; D. Vanderbilt, Phys. Rev. B 41, 7892 1990.
15 J. P. Perdew et al., Phys. Rev. B 46, 6671 1992.
16 T. Weber, R. Prins, and R. A. van Santen, Transition Metal
Sulphides, Chemistry and Catalysis, Vol. 60 of NATO Ad-
vanced Study Institute, Series 3: High Technology Kluwer
Academic Publishers, Boston, 1998.
17 R. Hultgren, Phys. Rev. 40, 891 1932.
18 S. P. Cramer, K. S. Liang, A. J. Jacobson, C. H. Chang, and R.
R. Chianelli, Inorg. Chem. 23, 1215 1984.
19 L. Pauling, The Nature of the Chemical Bond and the Structure
of Molecules and Crystals Cornell University Press, New
York, 1940.
20 S. Picard, D. Salloum, P. Gougeon, and M. Potel, Acta Crys-
tallogr., Sect. C: Cryst. Struct. Commun. 60, i61 2004.
MURUGAN et al. PHYSICAL REVIEW A 71, 063203 2005
063203-6
